A new simulation technique called the "system modal approximation" method for fluid transients in compound fl uid-line systems composed of many line elements is developed and presented. This new method is based on numerical modal approximation of the frequency transfer function itself of the output to the input, considering the total system dynamics. This simulation technique also has the feature that the line elements with any kinds of the dynamic characteristics can be applicable because only the numerical data of the frequency response of transfer matrix parameters of individual line element is needed, and that the computation time is very short because the output in time domain can be calculated by the simple algebraic expression in the form of a recurrence formula. Simulation results of this method for the pressure transients in typical three kinds of compound fluid-line are compared with both the solutions from the method of characteristics and experimental results, and the superiority of this technique in easy applicability, flexibility, accuracy, computation time, etc. are demonstrated.
INTRODUCTION
Reducing the shock and vibration due to the fluid transients in fluid transmission lines or improving the dynamic characteristics of total system by controlling the fl uid transients has been an important technical subject in the field of fluid power engineering. In order to achieve this purpose efficiently, it is most effective to develop a simulation technique capable of predicting the fl uid transients fast and accurately and utilize this as a design tool. Since the fluid-line used in the fluid power systems, petroleum transmission lines, etc: are usually not single but compound lines, the desirable simulation techniques have to be easily applied to such compound fl uid-line systems. The method of characteristics incorporating both of the frequency dependent viscosity and heat transfer effects has been widely used in many practical applications for numerical simulation of fluid transients [Wylie and Streeter (1978) Seko (1999) ]. Approaches are also all basically based on a technique for formulating approximately the flow model in the individual line element by the product series of a finite number of rational polynomial in the Laplace domain, and expressing variables in the form of state space representation in the time domain. However, it was pointed out in our study [1] that when these simulation techniques were applied to compound fluid-line systems the approximation accuracy became substantially worse and they also had several controversial points like the method of characteristics. The main contribution of this paper is the development of easily applicable, accurate and fast simulation technique for fluid transients in compound fluid-line systems. The distinctive feature of this method is to make use of modal approximations of the frequency transfer function itself of the output to the input considering the total system dynamics unlike other existing approaches based on the modal approximations of the input/output causality of individual line element. In this paper, this proposed simulation technique is called the "system modal approximation" method (abbreviated to SMA method). The new method also has the feature that only the numerical data of the frequency response of transfer matrix parameters of individual line element, which may be given from either theoretical model or experimental measurements, is needed and that the output in the time domain can be calculated selectively by a simple algebraic expression in the form of recurrence formula. In this paper, as the first stage of development of a general-purpose SMA method, consideration is limited to the cases whose input/output causality relationship can be approximated by a finite number of second order modes alone. These cases correspond to the analysis of pressure output response to pressure input in the case of every boundary but the input points being closed. The fundamental principle and computing procedures of the new simulation technique are explained. Then, simulation results of this method for pressure transients in three compound fluid-line systems consisting of many line elements involving the series, branch, stepped and closed loop junctions are compared with both the experimental results and solutions from the method of characteristics, and superiority of this technique to other A new simulation technique, the SMA method, requires the following information of the fluid line system for simulation analysis: the frequency range of interest and the numerical data of frequency response of the transfer matrix parameters of individual line elements. Numerical analysis method of this approach is that the frequency transfer function of output (wanted variable) to input (source) considering the dynamic characteristics of the entire system including every line elements and boundaries is calculated first by using the above-mentioned numerical data of individual line elements and then the modal approximation of the above frequency transfer function is numerically performed. Modal parameters can be determined by a relatively simple numerical calculation without troublesome mathematical modeling of individual line element nor of theoretical derivation of their parameters. Furthermore, only the required output response can be calculated selectively without solving simultaneous equation, and thus considerable reduction of computation time is also expected. The following shows the outline of each step of computing procedures for this proposed SMA method.
[1] Establishment of frequency response of transfer matrix parameters of line elements of compound fl uid-line system: The relationship between the upstream pressure and volumetric flow rate of ith line element, Pi-1 and Qi_1, and the downstream pressure and flow rate, Pi and Qt , can be expressed in the following two-port matrix form in the Laplace domain (and in the frequency domain).
(1)
Notice that in the SMA method all the line elements do not necessarily have to be lines such as tube, pipe, hose, etc., and that it is all right to obtain the numerical data of these matrix elements by experimental measurements instead of the theoretical model.
[2] Construction of frequency response matrix of the entire system: Construct the frequency response matrix of the entire system as follows, considering the input variables, boundary conditions and manner of junctions of each line element.
(2) 
The residue coefficients, an and bn, (and bo) in Eq.(4) are numerically determined using the least square method under the performance function H defined by Eq.(6).
where (7) [6] Calculation of time response of output variable: Equation (3) can be expressed in the time domain using a numerical convolution integral as follows.
where
g(t) is an impulse response (inverse Laplace transform) of G(s).
Further, since the impulse response of each element of G*(s) has all a form of eat in case of G(s) being able to be approximated by the second modes alone, the above equation can be transformed into the form of recursion formula as follows.
where ho and h(t) is a constant given by following equation, respectively, 
